Some homologous calixarenes or polyoxyethylene ethers that are known to suppress or enhance experimental tuberculous infection (depending on their polyoxyethylene chain lengths) were examined for their effects on phospholipid bilayers. The effect of these solutes is seen at 0.5-50p.p.m., and their effect depends upon their structure as well as that of the phospholipid substrate. The antituberculous compound HOC-12.5 (Macrocyclon) inhibits susceptibility to pig pancreatic phospholipase A2 action and to aggregation/fusion of the ternary co-dispersions of dimyristoyl phosphatidylcholine + 1-palmitoyl lysophosphatidylcholine + palmitic acid (50: 1 1:11 molar proportions). In contrast, the protuberculous compound HOC-60 stimulates these effects. Differential scanning calorimetry suggests that these effects are probably due to modulation of the phase equilibrium in substrate bilayers by these polyethers.
The polyoxyethylene ethers or calixarenes (Gutsche, 1984) have been shown to have a variety of biological and biochemical effects including modification of experimental tuberculosis (Cornforth et al., 1955; Hart, 1968) and modulation of the triacylglycerol lipase activity of macrophages (Hart & Payne, 1971) , lysosomes (Stoffel & Trabbert, 1969) , pancreas (Jorolan & Janicki, 1965) and plasma (Schotz et al., 1957) . One of the intriguing properties of these polymers is that their effects are dependent on their structural features, such as chain length and isomerism. For example, in the HOC series of polyoxyethylene ethers, shorter-chain compounds inhibit the triacylglycerol lipase activity of macrophages and have antituberculosis activity, whereas the longer-chain homologues stimulate the lipase activity and are protuberculous (Hart, 1968; Hart & Payne, 1971; Cornforth et al., 1973) .
In order to investigate the possible mode of action of these polyethers, we have studied the effects of the antituberculous compound HOC-12.5 and of the protuberculous compounds HOC-60, LOC-60 and LOC-75 on bilayers prepared from synthetic phospholipids. It is shown that these surfactants modify the properties of laterally phaseseparated bilayers, such as their susceptibility to phospholipase A2, fusion and aggregation of the vesicles, and the thermotropic phase-transition behaviour. A correlation is observed between the effect of these agents on tuberculous infection and their ability to eliminate the laterally phaseseparated domains in the bilayers. These observations suggest that calixarenes act on the boundaries of the domains, which are the common molecular locus in these various membrane processes (Jain & White, 1977; ).
Materials and methods
Phospholipids were purchased from Calbiochem. (In the present paper, for convenience, the terms dimyristoyl phosphatidylcholine, etc. are used to represent 1,2-dimyristoyl-sn-glycero(3)-phosphocholine, etc.) The polyoxyethylene ethers HOC-12.5 (Macrocyclon), were synthesized by Sir John Cornforth and his colleagues (Cornforth et al., 1955 (Cornforth et al., , 1973 ) from a macrocyclic tetrahydric phenol ('HOC', a p-t-octylphenol-formaldehyde cyclic octamer) or its presumed tetramer or hexamer ('LOC') by reaction with monofunctional derivatives of poly(ethylene glycols); the compounds differ in their average number of ethylene oxide units per phenolic group (12.5, 60 etc.) . Preparation of the ternary co-dispersions and the pH-stat titrimetric procedure for monitoring the kinetics of pig pancreatic phospholipase action is described elsewhere (Apitz-Castro et al., 1982) . Five different lipids were examined as substrates: (a) ternary co-dispersions containing dimyristoyl phosphatidylcholine + I-palmitoyl lysophosphatidylVol. 227 choline + palmitic acid in 50:11:11 molar proportions; (b) dilauroyl phosphatidylethanolamine + l-palmitoyl lysophosphatidylcholine + palmitic acid in 50:1 1:1 1 molar proportions; (c) dimyristoyl phosphatidylmethanol; (d) dimyristoyl phosphatidic acid; and (e) egg-yolk phosphatidylcholine. All substrates were used as sonicated dispersions. Lipids (c) and (d) were used in aqueous solutions containing 15 pM-CaCl2; all other lipids were used with 10mM-CaCl2. Lipid (e) was activated with 20mM-hexan-l-ol. Typically, the lipids were dissolved in chloroform and the solvent was evaporated in vacuo. (Elmaharani & Blume, 1982) and thermotropic phase-transition studies (Jain & Wu, 1977 ) the buffer consisted of 100mM-KCI in 100mM-Tris at pH8.0. Unless stated otherwise all studies were done at 30°C.
Results
The action of phospholipase A2 on its substrate depends on the quality of the interface (Slotboom et al., 1982) , and therefore it is of interest to study the effect of the polyethers on the bilayer substrate. We have examined the effect of the polyethers on the kinetics of action of pig pancreatic phospholipase A2 on the ternary co-dispersions as substrate (Apitz-Castro et al., 1982) . As shown in Fig. 1 , Macrocyclon inhibits and HOC-60 stimulates the steady-state rate and the extent of phospholipase A2-catalysed hydrolysis of dimyristoyl phosphatidylcholine in the ternary co-dispersions. Similar behaviour is shown by all known inhibitors of phospholipase A2 (Jain & Jahagirdar, 1985) . As shown in Fig. 2 , these effects are concentrationdependent. The effect of these compounds is seen at as low as 2p.p.m., and a complete inhibition of phospholipase activity is observed by about 500p.p.m. of Macrocyclon, LOC-45 and LOC-60, whereas HOC-60 stimulates the phospholipase activity at all concentrations tested. In a few cases only, the effect is monotonic. The effect of LOC-75 is biphasic, i.e. at low concentration it stimulates Time (min) Fig. 1 . Reaction progress curvesfor the pigpancreatic phospholipase A2-catalysed hydrolysis of dimyristoyl phosphatidylcholine in the ternary co-dispersions with l-palmitoyl lysophosphatidylcholine and palmitic acid (50 11: 11 molar proportions) The reaction mixture (5ml) contained 100mM-KCl and 1 mM-CaCI2 and 500ng of pig pancreatic phospholipase A2 at pH 8.0 and 30°C. Curve A was obtained in the presence of 0. 1% (w/v) HOC-60, curve B in the absence of any additive, curve C in the presence of 0.10% Macrocyclon, and curve D in the presence of 0.02% and at higher concentration it inhibits the action of phospholipase A2 (Fig. 2) . Such biphasic effects are a manifestation of non-ideal mixing of these solutes in bilayers, and depend on both the composition and the nature of the bilayer and the additive. The inhibition and stimulation depends not only on the concentration but also on the nature of the substrate. Whereas HOC-60 stimulates and Macrocyclon inhibits the hydrolysis of all the substrates, the effect of the LOC series is very sensitive to the nature of the substrate. In some cases the biphasic effect is accentuated (e.g. LOC-75 with dimyristoyl phosphatidylmethanol), whereas in other cases it is completely suppressed (e.g. Macrocyclon with dimyristoyl phosphatidylcholine or dimyristoyl phosphatidylmethanol).
The stimulatory or inhibitory effect of calixarenes is by modification of the interaction of phospholipase A2 with the substrate interface. A direct effect of the calixarenes on the enzyme can be ruled out by the following observations (results not shown). First, calixarenes do not modify the fluorescence properties of the enzyme. Furthermore, the specific activity of the pig pancreatic phospholipase A2 on the soluble monomeric substrate 2,3-bis(hexanoylthio)propylphosphocholine (Volwerk et al., 1979) is not influenced by Macrocyclon or HOC-60.
The effects of polyoxyethylene ethers on the phospholipase-catalysed hydrolysis of ternary codispersions are confined to the enzyme bound to the bilayer because only this form is catalytically active. This effect on the reaction progress curve could be either due to a change in the equilibrium concentration of the bound enzyme, or due to its inhibition by direct interaction. One of the measures of the lack of binding of the enzyme to dimyristoyl phosphatidylcholine bilayers is that the reaction progress curve exhibits a long latency phase, which depends upon all the factors that regulate the molar fractions of lysophosphatidylcholine and fatty acid in the substrate bilayers (Apitz-Castro et al., 1982) . Similarly, activation of phospholipase A2 action is observed with lysophosphatidylcholine added to preformed dimyristoyl phosphatidylcholine vesicles (Jain & DeHaas, 1983) . Thus, as shown in Fig.  3 , the steady-state hydrolysis of pure dimyristoyl phosphatidylcholine vesicles is reached in about 8 min, but in the presence of freshly added lysophosphatidylcholine the latency period is less than 30s (curve 3 in Fig. 3 ). The effects of HOC and Vol. 227 Macrocyclon are particularly revealing; in the presence of either of these calixarenes the hydrolysis of dimyristoyl phosphatidylcholine vesicles could not be initiated until after 30min (curve 2). However, after the addition of lysophosphatidylcholine the hydrolysis is initiated immediately in the presence of HOC-60 (curve 5), whereas in the presence of Macrocyclon it is delayed to 30min or more (curve 4). These observations show that Macrocyclon inhibits the action of phospholipase A2 in the pre-steady-state phase of the reaction, and that HOC-60 does not do so. The inhibitory effect of Macrocyclon and the stimulating effect of HOC-60 have also been shown on the triacylglycerol lipase activity from macrophages (Hart & Payne, 1971) and could have been due to a direct effect of these agents on the enzyme, or they could have modified the substrate interface so as to modulate the incorporation and/or the turnover of the enzyme. The present observation that these homologous compounds exert different effects on two diverse catalytic functions suggests that their primary effect is on the lipid/water interface, at which both of these enzymes are catalytically functional. The effect of premixed lysophosphatidylcholine and fatty acid (Apitz-Castro et al., 1982) or of freshly added lysophosphatidylcholine (Elmaharani & Blume, 1982; Jain & DeHaas, 1983) on the bilayer is to modify the bilayer organization. Since these changes in the bilayer organization also facilitate aggregation/fusion of vesicles, we have examined the effects of the polyethers on this process in order to decide whether their effects are on the enzyme or on the bilayer. By monitoring the change in turbidity, it has been shown previously that the freshly added lysophosphatidylcholine stimulates the rate of fusion of dimyristoyl phosphatidylcholine vesicles in the vicinity of their phase-transition temperature at 23°C (Elmaharani & Blume, 1982) . Similarly, the ternary co-dispersions undergo fusion/aggregation at a rate that is several hundred times faster than that observed with the dispersions of dimyristoyl phosphatidylcholine alone. This is probably because the additive-induced organizational defects in the bilayers of the vesicles are the sites for intervesicular interactions required for fusion/aggregation. It appears that the same defects also function as the binding sites for phospholipase A, . This hypothesis is further substantiated by the fact that the several other inhibitors of fusion are also inhibitors of phospholipase action (Jain et al., 1984) . Indeed, as shown in Figs. 4 and 5, Macrocyclon inhibits, whereas HOC-60 promotes, aggregation of fusion both in the ternary codispersions (Fig. 4) and in the dimyristoyl phosphatidylcholine vesicles modified with freshly added lysophosphatidylcholine (Fig. 5) . This observation is particularly important since it provides direct evidence for the action of these calixarenes on the putative organizational defects in bilayers.
Further support for a direct effect of Macrocyclon and HOC-60 on the bilayer organization comes from the thermotropic phase-transition studies. As shown in Fig. 6 , the phase-transition Temperature (0 C Fig. 6 (Jain & Cordes, 1973; Jain & Wu, 1977) , as well as of the chain lengths as manifested in the cut-off effect (Hart & Payne, 1971; Lee, 1976; Jain et al., 1978; Pringle & Miller, 1979; Rowe, 1982; Kamaya et al., 1984) . Such biphasic effects or cross-over are rather specific in the sense that they depend not only on the nature of the solute but also on the composition of the bilayer. This is because they are manifestations of the phase properties, probably the non-ideal mixing of the lipid additives in bilayers. It remains to be established whether the antituberculous effect of Macrocylon is due to a direct modification of the membrane interface or if it is due to the metabolic products induced by the inhibition of triacylglycerol lipase, phospholipase A2 or any other protein whose activity depends on the presence of laterally-phase-separated domains or domain boundaries in bilayers (Jain & White, 1977; . Both phospholipase A2 (Flower & Blackwell, 1976) and acylglycerol lipases (Bell et al., 1979) have been implicated in the mobilization of arachidonic acid. The correlation between antituberculous action and inhibition of phospholipase A2 is seen only with phosphatidic acid as substrate. Such a selectivity of the effect on the nature of phospholipid on which action of phospholipase A2 is seen makes it a likely locus of action. Phosphatidic acid is an obligatory intermediate in the phosphoinositol cycle. The role of phosphatidic acid in the release of arachidonate and the putative role of arachidonate metabolites in the regulation of antimicrobial action within macrophages would be consistent with such a role of these polyethers. Thus the phosphoinositol cycle of the host could play a role in the host-microbe interaction.
